The experiment assessed the variability of in seven clones of willow plants of high biomass production (Salix smithiana S-218, Salix smithiana S-150, Salix viminalis S-519, Salix alba S-464, Salix 'Pyramidalis' S-141, Salix dasyclados S-406, Salix rubens S-391). They were planted in a pots for three vegetation periods in three soils differing in the total content of risk elements. Comparing the calculated relative decrease of total metal contents in soils, the phytoextraction potential of willows was obtained for cadmium (Cd) and zinc (Zn), moderately contaminated Cambisol and uncontaminated Chernozem, where aboveground biomass removed about 30% Cd and 5% Zn of the total element content, respectively. The clones showed variability in removing Cd and Zn, depending on soil type and contamination level: S. smithiana (S-150) and S. rubens (S-391) demonstrated the highest phytoextraction effect for Cd and Zn. For lead (Pb) and arsenic (As), the ability to accumulate the aboveground biomass of willows was found to be negligible in both soils. The results confirmed that willow plants show promising results for several elements, mainly for mobile ones like cadmium and zinc in moderate levels of contamination. The differences in accumulation among the clones seemed to be affected more by the properties of clones, not by the soil element concentrations or soil properties. However, confirmation and verification of the results in field conditions as well as more detailed investigation of the mechanisms of cadmium uptake in rhizosphere of willow plants will be determined by further research.
Introduction
The cultivation of fast-growing tree species for soil remediation and the production of renewable energy from contaminated biomass is an alternative approach to more traditional types of land use of post-mining polluted areas [1] [2] [3] [4] . In this context, compared to herbaceous species, fast-growing trees have several advantages, such as a deeper root system, high productivity and transpiration activity. The high biomass production of willow species (Salix amygdalina, S. viminalis, S. americana, S. purpurea) was documented by Kowalik and Randerson [5] , where annual yields in two-year plant rotation were 5 -14.4 t dry matter per ha, (see also [6] ).
The application of fast growing trees, especially willows and poplars (Salicaceae), for phytoremediation was discussed especially for soils contaminated for deeper horizons [7] . Leaves and twigs of Salix spp. and Populus spp. showed relatively high contents of elements in the first part of vegetation period because of higher nutrient uptake compared to the growth rate while the effect of dilution -resulting in lower element contents -was observed until the flowering stage. Within the tree, lead (Pb), chromium (Cr), and copper (Cu) are usually immobilized in the roots, while cadmium (Cd), nickel (Ni), and zinc (Zn) are more easily transported to shoots but the different soil properties in different sites and the different sampling times and climatic conditions in the individual experiments should be taken into account. The senescence of the trees often results in an increase of the concentration of metals caused by a loss of fluids [8] . Ali et al. [9] , demonstrated that Salix acmophylla was able to accumulate considerable amounts of Cu, Ni and Pb in different plant parts and exhibited high tolerance for these metals. The concentrations of elements in Salix spp. varied between plant parts and between specie, particularly where Cu concentrations decreased in the following order, twigs > leaves > wood > bark, those of Zn in the order, leaves > bark > twigs > wood, thereby indicating the low retention of Zn in the xylem tissues; As, leaves > branch bark > stem bark > wood and Cd, leaves > wood = roots [10] [11] [12] . The effect of water uptake and transpiration was observed as well [13] .
The higher amount of risk elements in the cultivation medium reduced the yield of willow shoots (S. viminalis), compared to plants grown in uncontaminated environments [14] . However, roots of Salix alba and Populus euroamericana cv. Robusta cuttings grown in Knop solution and afterwards in 10 μmol l −1 solution of Cd(NO 3 ) 2 showed increased growth compared to those grown directly in Cd(NO 3 ) 2 solution. Structural changes caused by Cd were similar in both species and with both treatments. Root apices, rhizodermis and cortex were the most seriously damaged root parts [15] . The total cadmium uptake by plants is affected by both yield of aboveground biomass and element content in the leaves and twigs, and these parameters must be taken into account in evaluating the phytoremediation potential [16] . Willows characterized by higher production of twigs usually contain lower cadmium levels and simultaneously grow in less acidic soils with lower cadmium mobility compared to willows with lower production of twigs. As, Cd, Pb and Zn accumulation in aboveground biomass of seven clones of Salix spp. and changes in elements uptake by plants after element addition to soil were tested after growing them in separate pots [17] , where the removal of elements from soil was significantly higher with Pb altered soil, due to the significant reduction of the aboveground biomass yield obtained with Zn amended soil caused by Zn phytotoxicity. Pulford and Watson [18] summarized that survival of fast growing trees is produced by filtering out highly contaminated substrates by roots and immobilization of elements in the roots. Genetically transmitted tolerance systems apparently did not evolve but the acclimation of trees to these conditions played an important role. Salix spp. can be used for the remediation of cadmium and zinc contaminated soils in reasonable time, by targeting hotspots, clone selection and the final harvest of the root bole [19, 20] . However, the element contents in soil should be only slightly above the guideline values for effective phytoextraction [21] .
In our experiment, the As, Cd, Pb, and Zn accumulation potential of seven willow clones was investigated in experiment trials for three vegetation periods, and the clonal and seasonal variation of the uptake of elements by the aboveground biomass of the willows was investigated and assessed.
Materials and methods

Willow clones
Willow clones used in the experiment originated from clone collections of the Silva Tarouca Research Institute for Landscape and Ornamental Gardening in Průhonice (RILOG), and are summarized in Table 1 . The phytoremediation efficiency of these clones was tested at soils from three locations differing in contamination level of elements. Their growth and the properties of the yields, described below, were obtained by the testing of clones conducted on experimental plots in the Czech Republic between 1999 and 2004 [22] [23] [24] . Table 1 Willow clones used in the experiment.
Hybrids of goat willow (Salix caprea L.) were represented by clones S-smiBrn-218 and S-smiPre-150. Goat willow is distributed throughout Europe except the southern regions. It is a pioneering species with the widest ecological adaptation of all European willows. Clones used in the experiment, belong to one of the most widespread willow hybrid -the silky-leaf osier (S. smithiana Willd), which resulted from the spontaneous hybridization of S. viminalis L. with S. caprea L. Probably the main disadvantage of this taxon is that forest and field animals (roe-bucks, rabbits, hares) graze on it. Both clones used in the experiment originate from natural populations in the Czech Republic (central Moravia). Potential yields for S-smiBrn-218, calculated from harvests on experimental plots, were the best of all the clones tested: 2 -5 o.d.t/ha/year in the first harvest and 5 -15 o.d.t/ha/year in the second harvest (drier sites were less suitable and moist sites were suitable). The second clone was not tested for the production of biomass because it exhibited slower growth in main clone archive (mother orchard) in Průhonice.
Salix viminalis L. and its hybrids, the basket willow, is found mainly around rivers and streams throughout continental Europe. It has shown very healthy sprout and root production when grown from cuttings. Clone S-vimZil-519, which was used in the experiment, if from from natural populations in the Vah river basin (Žilina, Slovakia). Potential yields calculated from harvests on experimental plots were over 4 o.d.t/ha/year in the first harvest (3 rd year) and over 8 o.d.t/ha/year (o.d.t = oven dry tonnes, e.g. absolutely dry) in the second harvest (6 th year) on suitable sites. Salix alba L. and its hybrids, the white willow, is an important flood-plain forest species found throughout Europe with the exception of the northern regions. The two clones of "pure" white willow used in the experiment are S-albCor-464 and S-albPyr-141. They originate from natural willow populations in the Danube River basin (Vojvodina in Yugoslavia and Corabia in southern Romania). The average annual height increment was 0.9 meters in the first rotation and 1.3 meters in the second rotation. The average trunk diameter was 23 mm (main trunks over 60-70 mm) during the second harvest (after the 6 th growing season). The potential yields of biomass calculated from harvests on experimental plots on suitable sites for the clone S-albCor-464 were over 5 o.d.t /ha/year in the first harvest (3 rd year) and over 10 o.d.t/ha/year in the second harvest (6 th year). The clone, S-dasBan-406 (S.× dasyclados Vimm.), which was also included in the experiment trials is a natural hybrid between basket willow and grey willow (S. viminalis L. × S. cinerea L.) that sometimes occurs in natural populations in Europe. This hybrid species is considered to have a good potential for biomass production, but it has been tested in the Czech Republic only since 2005.
The clone S-rubVes-391 is the hybrid crack willow (S. rubens Schr.), which is a natural hybrid between white willow and crack willow (S. alba L. × S. fragilis L.) that frequently occurs in natural populations throughout continental Europe. The hybrid species has similar characteristics and site adaptation as white willow, described above. The clone originates from natural willow populations in the Lužnice River basin (Veselí nad Lužnicí, Czech Republic). Potential yields calculated from harvests on experimental plots were over 2. 
Experimental Design
The seven clones from willows with high biomass production discussed above were planted in a pots for three vegetation periods in three soils that differed in the content of risk elements and selected chemical characteristics (Tables 2 and 3 ). Heavily polluted Fluvisol came from the alluvium of the Litavka River in the Czech Republic, (the main source of contamination was caused by water containing wastes from smelter setting pits). Cambisol with moderate contamination, caused mainly by the atmospheric emissions from the same smelter, and unpolluted Chernozem, were used. The region surrounding the smelter is the most polluted in the Czech Republic. The main source of Pb contamination was the atmospheric deposition of trace elements by galenite mining followed by ore smelting and lead processing. Mining and metallurgical activities in this area led to enhancement of As, Cd and Zn content in the soil, due to the high content of trace elements in parent rock. The higher content of Pb in the air and the accumulation of trace elements in the soil, resulted in the increased content of risk elements in plant agricultural production [25] . Table 3 Total element contents in experimental soils.
Willows were planted in plastic pots measuring six litres, with five kg. of air-dry soil, and this treatment was replicated four times (three 20 cm. long cuttings in one pot) The experimental soils were passed through a 5-mm plastic sieve. Soil moisture was regularly controlled and 60% of maximum water holding capacity was maintained. The leaves and twigs of willows were harvested annually at the end of vegetation period before the leaves fell. After harvest, the above ground biomass was separated into leaves and twigs and gently washed by deionised water, weighed for the determination of fresh and dry biomass, and were ground and analyzed. At the end of the third vegetation period, roots and three-year wood were harvested as well. In the case of roots, the samples were washed twice in deionised water. Because of serious signs of phytotoxicity with extremely contaminated Fluvisol, the experiment was terminated after second vegetation period of this soil.
Analytical methods
Plant samples were decomposed by a dry ashing procedure: An aliquot (∼1 g) of the dried and powdered plant biomass of 1 mg was put into a borosilicate glass test-tube and decomposed in a mixture of oxidizing gases (O 2 +O 3 +NO x ) at 400
• C for 10 hours in Dry Mode Mineralizer Apion (Tessek, Czech Republic). The ash was dissolved in 20 ml of 1.5% HNO 3 (electronic grade purity, Analytika Ltd., Czech Republic) and kept in glass tubes until the analysis [26] . Soil samples were collected from each pot initially and after termination of the experiment, then air dried at 20
• C ground in a mortar and passed through a 2-mm plastic sieve. The concentration of elements in the soil were calculated in a two-step decomposition process: 0.5 of sample was decomposed by dry ashing in a mixture of oxidizing gases (O 2 +O 3 +NO x ) in an Apion Dry Mode Mineralizer (Tessek, CZ) at 400
• C for 10 h; the ash was then decomposed in a mixture of HNO 3 + HF, evaporated at 160
• C and dissolved in diluted aqua regia [27] .
Concentration of elements in the samples were determined by atomic absorption spectrometry (AAS, VARIAN SpectrAA-400, Varian, Australia) in flame (Cd, Pb, Zn), and flameless (Pb) measurement, and inductively coupled plasma optical emission spectrometry (ICP-OES, VARIAN VistaPro, Varian, Australia). Arsenic was determined by a continuous hydride generation technique using a Varian SpectrAA-300 (Australia) atomic absorption spectrometer equipped by hydride generator VGA-76. A mixture of potassium iodide and ascorbic acid was used for pre-reduction of the sample and the digest was acidified by HCl before measurement. Certified reference materials, RM 12-02-03 Lucerne and RM 7001 Light Sandy Soil, were applied for quality assurance of analytical data. Statgraphics Plus 5.0 for Windows [28] was used to perform statistical evaluation of the data where analysis of variance was applied for the evaluation of the data.
Results and discussion
Content of elements in willow plants and total uptake of elements by these plants
The clonal and seasonal variation in the accumulation of elements, determined by the element, the plant part and the type of soil, are demonstrated in Tables 4-7 . The willow clones tested confirmed high aboveground levels of Cd and Zn accumulation potential, whereas As and Pb was retained predominantly in the roots, especially in contaminated soils. In the shoots of plants located aboveground, Cd and Zn intensively accumulated more in the leaves than in the twigs, in accordance with the investigation of RiddellBlack [29] . Cd and Zn levels in roots were approximately as high as in willow shoots in all types of soils, but the high variability of the results should be expected among wide scale of willow clones, (described by Landberg and Greger [30] ).
Cadmium and Zinc
The content of cadmium in the organs of willow plants are summarized in Table 4 . Not surprisingly, the content of cadmium in the willow biomass, growing in contaminated soil, exceeded those growing in uncontaminated Chernozem. Using Cambisol, the highest levels of cadmium were found in leaves, followed by twigs, wood and finally in roots, while with Fluvisol, the levels of cadmium in roots were comparable (and even higher in some cases) than in leaves, regardless of the vegetation period and willow clone. Among willow clones grown on Cambisol the highest cadmium content was observed with the clone S-391 (S. rubens) followed by S-150 (S. smithiana). Similar behavior of clones was reported also for wood at the end of experiment. The content of cadmium in twigs and roots did not show an unambiguous pattern for the entire experiment. However, the hybrid clones (S-218, S-150, S-406 and S-391), suggest their superior ability to translocate cadmium to leaves and twigs. The largest clonal variation in the accumulation of Cd was found in leaves with heavily polluted Fluvisol. The highest Cd content in leaves was approximately 20-fold higher than minimum content in leaves. In twigs, 15 times greater Cd content was observed both years. With Cambisol and Chernozem, the highest Cd content in leaves and twigs exceeded the lowest one more than five times. With Fluvisol, the amount of cadmium retained in roots and the cadmium transported to aboveground biomass was limited compared to other soils. With zinc, results similar to cadmium were obtained (Table 5) , especially in the case of Cambisol and Chernozem. However, the unambiguous differences among individual willow clones were observed only in the case of S-391 clone (S. rubens) containing the highest zinc levels in leaves in all the experiments with moderately contaminated Cambisol. With the extremely contaminated Fluvisol, the amount of zinc in leaves exceeded those in roots in the first vegetation period, suggesting a different behavior for willow plants affected by phytotoxic level of zinc in this soil. Chlorosis, partial foliage abscission, and significant yield reduction of aboveground biomass in all seven willow clones, was observed during both years. Therefore, the phytoextraction potential of Salix spp. planted on this soil was largely reduced. According to the results obtained, the contents of Zn in the individual parts of willow species were observed in the following order, leaves > bark > twigs > wood, and were confirmed by others [12, 31] . The ability of willows and poplars to take up higher levels of Cd and Zn was comparable to other plant species, described by others [29, 32, 33] . Table 7 Lead contents in individual parts of willow plant (average ± standard deviation) according to clone, vegetation period, and experimental soil (mg.kg 
Arsenic and Lead
Whereas the uptake of cadmium and zinc by willow plants parts located aboveground, confirmed the ability of willow plants to take up these elements from soil, the inability of willow plants to translocate arsenic and lead to harvestable parts of the plants was also established, (Tables 6 and 7) . While both elements were retained in roots and their transport to aboveground biomass was limited on the contaminated soils (Cambisol, Fluvisol), with Chernozem differences were suppressed between roots and aboveground biomass. Within the aboveground biomass, lead was retained in wood and partially in twigs, while arsenic was distributed almost equally into individual plant compartments. Among the willow clones, both S. smithiana (S-218 and S-150) showed a higher accumulation of arsenic in leaves regardless of soil and contamination level. Arsenic uptake by terrestrial plants is usually very low and plant species characterized by higher accumulation of this element in aboveground biomass is very rare [34, 35] . Eltrop et al. [36] reported high tolerance of Salix caprea growing in extremely contaminated soil (total lead 17,000 mg kg −1 , the exchangeable lead portion, determined in ammonium acetate solution, 4,000 mg kg −1 ). These observations indicate the ability to increase lead concentrations in soil solution for the enhancement of lead uptake by plants. However, the soil application of synthetic chelating agents, the most frequent soil amendment in this case, can increase the uptake not only of Pb, but also Cd and Zn, by plants, as confirmed by others [37, 38] . Thus, the enhancement of the mobile portion of lead in soil can be effective in soil contaminated only by lead because with soils contaminated by many elements, the release of more mobile soil elements such as cadmium and especially zinc, can increase the element concentrations in soil solution over the phytotoxic level.
Metal accumulation capacity of willow plants
In conclusion, it was found that the efficiency of phytoextraction, using Salix spp., depends on original level of toxic elements in soil, on plant-availability of individual elements as well as on the yield of aboveground biomass, and the accumulation of metals in both leaves and twigs. The highest plant yield was found with Cambisol, where the yield of dry matter of individual compartments decreased in this order, roots > twigs > leaves, while the lowest plant yields with fluvisol decreased thusly, leaves > twigs > roots. These results confirm abnormalities in plant growth with extremely contaminated fluvisol where the phytotoxic effect was observed. With this soil, a higher yield of both leaves and twigs was observed in the second vegetation period, suggesting adaptability of willows for high concentration of the risk elements in the soil. However, the increase in the maximum yield (4-fold, and 6-fold in the case of leaves and twigs, respectively), was not sufficiently high for the effective removal of elements by willows with this soil for the third vegetation period. Because of low arsenic uptake by all the willow parts, the total uptake of this element was also low and not significant if compared to the total concentration of arsenic in the experimental pots. The highest arsenic uptake by both S. smithiana clones (S-218 and S-150) is similar as in the case of arsenic concentration in willow parts (Table 6) . Thus, the differences in the yield of plants did not exceed the clonal variability of willows with respect to arsenic uptake. Although the total Cd and Zn concentration and available portions of these elements in soil were much higher with fluvisol than with Cambisol, Cd content in leaves and twigs of Salix spp. planted in these two soils were not significantly different in the first vegetation period. After the second harvest, the Cd content in leaves and twigs grown in fluvisol was slightly higher than with Cambisol. On the other hand, the Zn content in aboveground biomass of Salix spp., planted in fluvisol, was substantially higher than in Cambisol in both vegetation periods. It shows an ability to take up Zn by willow tissues than Cd. Not surprisngly, the concentration of Cd and Zn in tissues of Salix spp. planted in control Chernozem were lower in comparison with contaminated fluvisol and Cambisol. Total cadmium uptake by willow plants also reflected significant clonal variability, where clones S-218, S-150, S-406, and S-391 showed higher total Cd uptake by leaves compared to the remaining willow clones with Cambisol for all experiments, and with Chernozem in the first vegetation period. In opposite trials, the total cadmium uptake by the roots of the previously cited hybrid clones was lower then the remaining ones, suggesting the better translocation of cadmium to aboveground biomass (especially leaves) of S. smithiana (S-218 and S-150), S. rubens (S-391) and S. dasyclados (S-406). With the exception of roots, the total Cd uptake by plants grown in moderately contaminated Cambisol exceeded those with extensively contaminated fluvisol. Also, in the case of lead, the total uptake of this element by willow plants with Cambisol, exceeded the very contaminated fluvisol. Very high zinc contents in willow plants with the extensively contaminated fluvisol, resulted in zinc uptake exceeding the uptake of this element with Cambisol. The highest Zn uptake by S. rubens (S-391) leaves was confirmed as well. The ratio of element uptake by harvestable parts of plants, one of the factors determining the efficiency of phytoremediation projects, is presented in Figure 1 . These graphs aptly show the effectiveness of Cd and Zn removal by harvestable plant parts in contrast to less mobile As and Pb.
In comparing the calculated relative decrease of total metal contents in soils (calculated as a percentage of element removed from the total amount of element in pots of soil), a reasonable phytoextraction potential of willows was obtained for cadmium and Znc with moderately contaminated Cambisol where the aboveground biomass released was about 30% and 5% of the total element content, respectively (Figure 2 ). Among the investigated clones S-150 (S. smithiana) and S-391 (S. rubens) the highest phytoextraction effect for Cd and Zn was observed (see also [39] ). With very contaminated Fluvisol, production of willow biomass was limited by the phytotoxicity of zinc, resulting in phytoextraction efficiency not exceeding 1% for both Cd and Zn. For this soil, the stabilization and immobilization of toxic elements is required before application of phytoremediation technologies such as liming for a long time to increase soil pH and subsequently to decrease metal uptake by plants with respect to soil characteristics and behavior of individual elements in soil [40] [41] [42] or enhancement of soil organic carbon in soil [43] .
Concerning arsenic and lead, the inability of willows to translocate these elements from roots to aboveground biomass led to the low removal of these elements from the soil (less than 1%), and utilization of these plants for the cleaning of As and Pb contaminated soil is not reasonable. Madejón et al. [44] proved that poplar leaves could be used as bio monitors for soil pollution of Cd and Zn, and somewhat for As, also confirmed by the study in the case of Cd and Zn. Fairly good bioconcentration factors (calculated as ratio of total element content in plant tissue and in soil) of Salix viminalis and Betula pendula for cadmium and zinc in contrast to other species was also shown by Roselli et al. [45] . The results suggest the ability of element-accumulating plants to suppress the most mobile fraction of Cd and Zn in soil via removal of these elements by plant biomass. As well as the intensive accumulation of Cd and Zn in willow plants together with high production of aboveground plant biomass, these findings support the suitability of willow plants for remediation of soils polluted by these two elements. However, the efficiency of element removal from whole soil profile in field conditions remains questionable. For less mobile elements As, and Pb, no effect of willow planting on plant-available soil portion of these elements was evaluated.
Wieshammer et al. [48] investigated cadmium uptake by S. fragilis and S. caprea and observed that the values of Cd contents in leaves from the plants grown in pots, were higher compared to the hydroponic study, demonstrating the importance of experimental conditions for evaluation of element accumulation capacity of willows for possible phytoremediation use. Evidently, reasonable conclusions can be inferred if the experimental parameters simulate real conditions of the site designed for phytoremediation. In field conditions, root distribution along the soil profile must be taken into account [49] . Eriksson and Ledin [47] found insignificant changes in the total Cd contents in soil after long-term salix plantations (8-30 yr) because of the Cd uptake by willows was not so large in relation to the total Cd amount in the whole soil profile. However, the Cd portions extractable by 0.01 mol.l −1 CaCl 2 solution were lower at Salix plots compared to reference plots. In our previous experiment, the uptake of As, Cd, Pb, and Zn and potential phytoremediation efficiency of five high biomass producing crops, white sweet clover (Melilotus alba L.), red clover (Trifolium pratense L.), curled mallow (Malva verticillata L.), safflower (Carthamus tinctorius L.) and hemp (Cannabis sativa L.) commonly used as grazing and energy crops was evaluated in both laboratory and field experiments with soils at different levels of element contamination [50] . This experiment also confirms that the transfer of the experiences from the laboratory to field conditions is the critical point of proper phytoremediation technology. From this point of view, the results of rigorous field experiments showed lower phytoremediation efficiency, but better tolerance of plants to increased element levels in the soil are more promising for further research. The use of willow for phytoremediation would require annual harvesting to avoid the recycling of leaf-bound Cd in autumn [10] as recently confirmed by Meers et al. [31] . They also stated that the annual harvest of wood with leaves show higher total removal of metals without any risk of contaminant penetration into surrounding environment.
The reasonable and promising phytoextraction efficiency of willows was confirmed in the case of cadmium and zinc in the laboratory. In comparing the experimental willow clones, the hybrid clones S. smithiana (S-218 and S-150), S. rubens (S-391) and S. dasyclados (S-406), demonstrated higher phytoremediation potential as compared to the remaining ones where especially S-218 and S-150 clones are characterized by the highest biomass yield (up to 15 o.d.t/ha/year). However, confirmation and verification of the results in field conditions as well as more detailed investigation of the mechanisms of cadmium uptake in rhizosphere will be necessary in further research. For lead and arsenic, the ability to accumulate aboveground biomass of willows was negligible in both soils and enhancement of the mobility of these elements as well as the application of other plant species will be tested in further research.
